tion of ␤-catenin. Under these conditions, ␤-catenin enters the nucleus and forms complexes with transcription factors of the LEF/Tcf family, resulting in transcriptional activation.
structure. First, in some of the crystallographically indeadopts a conformation that is apparently stabilized by ligand binding. pendent copies, the previously disordered residues 134-149 of ␤-catenin are now visible as part of a continuThe E cyto /␤-catenin interaction surface is extensive, spanning the entire length of the ␤-catenin arm repeat ous helix that runs between 134 and 161. Second, in both the E-cadherin and XTcf-3 complexes, the loop domain and involving the C-terminal 100 residues of the cadherin cytoplasmic domain. To facilitate description replacing the H1 helix of repeat 7 (Huber et al., 1997) of the complex, we divide the interactions into five reconformation that features a cis-proline at position 672 and extensive hydrogen bonding interactions with gions, labeled I-V, ordered in the N-to C-terminal direction of the E-cadherin chain (Figure 1a) . Region I (resi-␤-catenin Arg474. The chain continues along the ␤-catenin groove, with the extended region from E cyto Asp674 dues 628-638) starts as an extended polypeptide within the ␤-catenin groove at arm repeats 7-9, running parallel through Ser684 forming part of a highly conserved "core" region essential for the E-cadherin/␤-catenin into the H3 helices and toward the ␤-catenin C terminus. Region II (residues 639-666) starts by running roughly teraction (Stappert and Kemler, 1994 ). E cyto Asp674 and Glu682 form salt bridges with ␤-catenin Lys435 and parallel to the ␤-catenin superhelical axis before doubling back upon itself at the ␤-catenin C terminus, where Lys312, respectively, and Leu676, Leu677, Phe679, and Tyr681 form nonpolar contacts with ␤-catenin (Figure it forms a helix that packs against arm repeats 12 and 11. Region III (residues 667-684) continues as an extended 3a). Mutation of either ␤-catenin Lys312 or Lys435 to glutamate abolishes binding to cadherins (Graham et polypeptide that runs along the ␤-catenin groove toward its N terminus, passing underneath and interacting with al., 2000), implying that the region III interactions are essential. region I. Region III contacts arm repeats 9-4. The chain turns at region IV (residues 685-694), which runs antiparThe binding of the extended portion of region III is reminiscent of the binding of similarly extended NLS allel to the H3 helices of repeats 4 and 3. The next three residues are disordered, and then region V (residues peptides to karyopherin ␣ (Conti et al., 1998). In each case, asparagine side chains from the arm repeats are 698-723) continues toward the N terminus of the ␤-catenin groove and terminates in two short helices used to satisfy the hydrogen bonding potential of the extended polypeptide backbone, supporting the hythat cap exposed hydrophobic core residues at the N terminus of ␤-catenin. Approximately 6100 Å 2 of surface pothesis that these residues are conserved for this purpose (Conti et al., 1998) . ␤-catenin utilizes Asn387, area is buried in the complex, with 2900 Å 2 contributed by ␤-catenin and 3200 Å 2 by E cyto . Asn426, and His470 in the binding of E-cadherin and XTcf-3 (Graham et al., 2000) . These residues are located Region I is observed in two of the four independent copies of the structure. Regions II and III are observed in arm repeats 6, 7, and 8 and lie within the same turn of helix 3, a position occupied by asparagine throughout in all four copies. Region IV is present only when E-cadherin is phosphorylated, and region V is observed most of the karyopherin ␣ repeats ( In the crystal structure of the phos-E cyto /␤-catenin complex, E-cadherin residues 685-694 are visible, with causes a 6-fold reduction in the affinity of ␤-catenin for E-cadherin, suggesting that tyrosine phosphorylation of ordered phosphate groups present on Ser684, Ser686, and Ser692 (Figure 5b ). E cyto Ser684 is visible in the un-␤-catenin can modify junctional stability (Roura et al., 1999). Phosphorylation of Tyr654 likely causes E cyto rephosphorylated complex, but does not interact with ␤-catenin. When phosphorylated, it interacts with both gion II to dissociate from ␤-catenin because the phosphate group is too large to be accommodated in the ␤-catenin and phos-E cyto phosphoserine 686 (pSer686) through water molecules. Phos-E cyto pSer686 forms a interface, and would electrostatically repel E cyto Asp665.
Region III starts with a sequence highly conserved salt bridge with ␤-catenin Arg342 and water-mediated contacts with ␤-catenin Trp338 and Asn380. pSer692, among classical cadherins (E-cadherin residues 667-673) that binds within the ␤-catenin cleft (Figure 3a) . The which lies within the invariant E-cadherin sequence Ser690-Leu-Ser-Ser-Leu694, forms hydrogen bonds polypeptide backbone in this region adopts an unusual Only E-cadherin Ser684 is a consensus CKII site, whereas Ser686 and Ser692, which directly contact
Sequestration of Cadherins from Degradation
Cadherins associate with ␤-catenin in the endoplasmic ␤-catenin, are consensus GSK-3␤ sites (Figure 4 ). Consensus sites for phosphorylation are not strict, and CKII reticulum shortly after their synthesis, whereas uncomplexed cadherins are degraded (Hinck et al., 1994) . The presumably also phosphorylates the GSK-3␤ sites, albeit with low efficiency. Thus, it is likely that only the cytoplasmic tails of many type I and type II cadherins contain PEST sequences, which are motifs associated more heavily phosphorylated fractions (Figure 5a ) contain phosphoserines in the GSK-3␤ consensus posiwith rapid protein turnover (Rechsteiner and Rogers, 1996) . These sequences overlap or encompass the tions, which would explain the preferential binding of these species to ␤-catenin. Although the kinases re-␤-catenin binding region of E-cadherin and were hypothesized to be sequestered by ␤-catenin, thereby prosponsible for phosphorylating cadherins in vivo are not known definitively, it is clear that phosphorylation of tecting bound cadherins from degradation (Huber et al., 2001) . In this way, cadherins that are not bound to these serines leads to specific phosphoserine interactions with ␤-catenin and the binding of otherwise disor-␤-catenin would be turned over rapidly, while cadherins bound to ␤-catenin could proceed to the cell surface dered flanking cadherin sequences.
to participate in adherens junctions. Structurally, the predicted cadherin PEST sequences start just before A Hydrophobic Cap in Region V the beginning of region III and continue through to the The C terminus of E cyto forms two antiparallel helices middle of the region V cap structure. The region IV sethat pack against otherwise exposed hydrophobic core quence (Figure 4 ) is contained within every predicted residues from the first arm repeat, forming a "cap" at PEST sequence and was noted to feature two characterthis end of the arm repeat domain (Figure 5c ). The hyistics of synthetic signals that target proteins to the drophobic surface presented by E-cadherin is formed ubiquitin-proteasome pathway in S. cerevisiae: a high from Leu708, Phe715, and Leu718, which are flanked content of serine and threonine residues and the seby a number of aromatic residues and a methionine quence motif, (bulky 
Comparison with XTcf-3 Binding
side-chain functionalities of the XTcf-3 hairpin (Graham et al., 2000) . Overall, the E cyto /␤-catenin and XTcf-3/␤-catenin complexes are remarkably similar, with the XTcf-3 interacBased on the XTcf-3 complex structure, it was proposed that XTcf-3 residues 16-24, which bind in an tions essentially a subset of the E cyto interactions ( Figure  6a ). E cyto region I enters the ␤-catenin cleft along the wall extended conformation, were homologous to E-cadherin residues 674-682, a region known to interact with formed by arm repeats 7-9. XTcf-3 residues 2-15 enter the ␤-catenin cleft from the same direction, but run along ␤-catenin (Graham et al., 2000) . Indeed, the structures of these ligands are strikingly similar in this region (rethe opposite wall of the cleft. E cyto then exits into region II, which extends the interactions into arm repeats 11 gion III, Figure 6b ). Interestingly, E-cadherin pSer684 and pSer686 are in structural register with XTcf-3 Glu26 and 12 before entering the extended region III, whereas XTcf-3 enters a hairpin turn that begins the XTcf-3 exand Glu28 (Figure 6b ), raising the possibility that XTcf-3 mimics the phosphorylated cadherin. However, in the tended binding region (Graham et al., 2000) . At the start of region III, E cyto features a "crown" of backbone carXTcf-3 complex structure, these residues are present in a highly unusual backbone configuration and do not bonyl oxygens that interact with ␤-catenin Arg474 (Figure 3a) ; this arginine interacts with both main-chain and interact with ␤-catenin. The N terminus of the proteolytically defined ␤-catenin arm repeat domain, comprising residues 134-149, was as two water molecules in the E-cadherin complex (Figure 6c) . Finally, although the positions of the side chains not visible in structures of the uncomplexed protein (Huber et al., 1997), but is observed in the unphosphorydiffer, the interaction of E-cadherin pSer692 with ␤-catenin Lys335 is equivalent to the salt bridge belated E cyto complexes and in one copy of the XTcf-3 complex (Graham et al., 2000) . In each of these structween this lysine and Asp40 at the start of the XTcf-3 helix (Figure 6c) . tures, residues 134-160 form a kinked, but continuous, helix (Figure 1a ) that is part of a lattice contact. It is highly unlikely that this extended helix reflects the structure of ␣-Catenin Binding and Adherens Junction Structure ␤-catenin in the ␤-catenin/␣-catenin complex as recently proposed (Graham et al., 2000) . Inspection of the Amino acids 118-149 of ␤-catenin comprise the ␣-catenin binding site (Aberle et al., 1996) . We have pre-␤␣-cat structure reveals that the N-terminal ␤-catenin helix cannot continue past residue 142 because doing viously shown that a chimeric protein (␤␣-cat), consisting of ␤-catenin residues 118-149 fused to the so would introduce steric clashes between ␤-catenin Gln143 and ␣-catenin residues Phe111 and Arg121. This dle of a helix is associated with hinge motions (Gerstein et al., 1994), and the difference observed here presumimplies that ␤-catenin residues 143-145 must be nonhelical when bound to ␣-catenin. Thus, it is likely that in the ably reflects motion about a hinge created by ␤-catenin Pro154. When ␤␣-cat residues 146-149 are superim-␤-catenin/E-cadherin and ␤-catenin/XTcf-3 complexes, only residues 146-149 adopt the conformation and oriposed onto the corresponding residues of the E cyto or XTcf-3 complexes, the different helix registers give rise entation with respect to the arm repeat domain that exists in the complex with ␣-catenin. Superimposing to substantially different ␣-catenin positions (Figure 1b) . In the case of the E cyto complex, superposition produces ␤-catenin 146-149 from the ␤␣-cat structure onto the corresponding residues of ␤-catenin in either of its coma steric clash with the E cyto region V cap (Figure 1b) . Thus, the presence of the E cyto cap may restrict hinge plexes with E cyto or XTcf-3, and using the ␤-catenin 118-145 conformation seen in ␤␣-cat structure, yields a motion in ␤-catenin. The dynamics of the region V/␤-catenin interaction would then have a role in demodel free of steric clashes between ␣-and ␤-catenin (Figure 1b) .
termining the relative orientations of ␣-and ␤-catenin. An alignment of desmoglein and desmocollin seerin binding (Stappert and Kemler, 1994) . The presence of a desmosomal cadherin cap structure is supported quences with E-cadherin shows that many of the observed E-cadherin/␤-catenin interactions are likely to be by the strong conservation of region V hydrophobic residues. The central E-cadherin cap residues, Leu708, conserved in plakoglobin/desmosomal cadherin complexes (Figure 4) . Region III and region V contacts apPhe715, and Leu718, are present in all desmosomal cadherins. Several of the hydrophobic residues in the pear to be well conserved among all desmosomal cadh-outer rim of the cap structure are substituted with amino able homology to the extended region III sequence of acids of increased hydrophobicity (Figure 4) , which may E-cadherin and XTcf-3 (Figure 4) . This raises the possimake it more energetically favorable to bury the desmobility that at least some of the APC 20-mer repeats can somal cap residues in an interface with plakoglobin. mimic E-cadherin and XTcf-3 in this region. The 20-mer ␣-Catenin interacts with either ␤-catenin or plakorepeats 3 and 4 present the best match (Figure 4) . It has globin in adherens junctions, but it is excluded from been noted that the conserved Leu-Ser-Ser-Leu region desmosomes, where plakoglobin is bound to desmosoin these two repeats is part of a sequence (Leu- Table 1 . Full-length murine ␤-catenin, the ␤-catenin arm repeat domain, and the cytoplasmic domain of murine E-cadherin were expressed in E.
Although region IV is present in both copies of the phosphorylated complex crystallized in 1.1 M NaCl, phosphates were visible on coli and purified as described previously (Huber et al., 2001) . Initial E cyto phosphorylation reactions utilized recombinant human CKII serines 684, 686, and 692 in one copy, whereas phosphate was seen only on Ser692 in the other. This suggested that the high (New England BioLabs) and rabbit GSK-3␤ (Sigma). E cyto was treated for 3 hr with recombinant CKII (New England BioLabs) using the concentration of NaCl present in the crystallization conditions might interfere with binding of the phosphates, and that perhaps other manufacturer's suggested reaction conditions. GSK-3␤ was then added and the reaction continued for 6 hr. Reactions were stopped regions did not bind under these conditions. Therefore, a crystal of the phos-E cyto /␤-catenin complex was adapted into 150 mM NaCl by flash-freezing in liquid nitrogen. Anion exchange chromatography (MonoQ, Pharmacia) of the products yielded 7 peaks as measured by serial transfer into synthetic mother liquor containing 80% of the previous step's NaCl concentration. Data (not shown) were meaby absorbance at 280 nm, which were analyzed by mass spectrometry. Similar phosphorylation profiles were produced with CKII alone. sured to 2.85 Å resolution on an RAXIS-IIc imaging plate detector mounted on a rotating anode x-ray generator, and the model partially The E cyto mixture used to test the relative ␤-catenin binding affinities of the various phosphorylated species was produced using CKII refined. Phosphates are visible on serines 684, 686, and 692 in both copies of the low-salt complex, but there are no other differences only. Parallel reactions, one with limiting ATP and the other with excess ATP, produced mixtures with low and high amounts of phosin structure, so the interactions are described based on the 1.1 M NaCl, 2.0 Å structure. phorylation, respectively. The reactions were stopped by adding apyrase, and combined to produce a mixture containing roughly equal amounts of E cyto modified with different numbers of phos- . In each case, the phospho-E cyto was separated into its component species on a arm repeat domain structures from murine ␤-catenin (PDB code MonoQ column and the peaks identified by mass spectrometry. 2bct) and S. cerevisiae karyopherin ␣ (Protein Data Bank ID code Preparative E cyto phosphorylation reactions utilized CKII alone with 1bk5) were returned as two of the highest scoring templates. H1, reaction conditions optimized to favor production of the more heav-H2, and H3 helices were assigned using the predicted secondary ily phosphorylated species, which were purified by MonoQ chromastructure of the query sequences as well as consistencies in the tography. Unphosphorylated or phosphorylated E cyto was added at alignments with the two known structures. H3 helices were aligned 10% molar excess to the arm repeat domain of ␤-catenin, and the according to structure-based consensus motifs (Conti et al., 1998; complex concentrated without further purification to 5-10 mg/ml in Huber et al., 1997). 10 mM Tris-HCl, pH 8.5, 25 mM NaCl, and 2 mM dithiothreitol for crystallization.
Sequence Alignments

